
USOO7871796B2 

(12) United States Patent (10) Patent N0.2 US 7,871,796 B2 
Chen et al. (45) Date of Patent: Jan. 18, 2011 

(54) ISOLATION OF BINDING PROTEINS WITH 5,223,409 A 6/1993 Ladner et al. ............ .. 435/69.7 
HIGH AFFINITY TO LIGANDS . 

(Continued) 
(75) Inventors: Gang Chen, Austin, TX (US); Andrew FOREIGN PATENT DOCUMENTS 

Hayhurst, Austin, TX (US); Jeffrey G. 
Thomas, Bellevue, WA (US); Brent L. EP 177343 4/1986 

Iverson, Austin, TX (US); George (Continued) 
Georglou’ Ausnn’ TX (Us) OTHER PUBLICATIONS 

(73) ASSignee3 Board Of Regents: The University Of Streeter, John G. Journal of General Microbiology, 1989, vol. 135, 
Texas System, Austin, TX (US) pp. 3477-3484, Analysis of Periplasmic Enzymes in Intact Cultured 

Bacteria and Bacteroids of Bradyrhizobium japonicum and 
( * ) Notice: Subject to any disclaimer, the term of this Rhizobium leguminosarum biovar phaseoli.* 

patent is extended or adjusted under 35 (Continued) 
U.S.C. 154(b) by 1102 days. 

Primary ExamineriMark Navarro 
(21) Appl. No.: 11/461,757 Assistant Examiner4Ginny Portner 

(74) Attorney, Agent, or FirmiFulbright & Jaworski L.L.P. 
(22) Filed: Aug. 1, 2006 

(57) ABSTRACT 
(65) Prior Publication Data 

The invention overcomes the de?ciencies of the prior art by 
Us 2007/0065913 A1 Mar: 22’ 2007 providing a rapid approach for isolating binding proteins 

_ _ ca able of bindin small molecules and e tides via “dis 
Related U'S'Apphcatlon Data plgy-less” librarygscreening. 1n the techrijiqlue, libraries of 

(62) Division of application NO_ 09/699,023, ?led on Oct candidate binding proteins, such as antibody sequences, are 
27; 2000; now Pat, No, 7,083,945, expressed in soluble form in the periplasmic space of gram 

negative bacteria, such as Escherichia coli, and are mixed 
(51) Int. C]. With a labeled ligand. 1n clones expressing recombinant 

C12P 21/06 (2006.01) polypeptides With a?inity for the ligand, the concentration of 
C07H 21/04 (2006.01) the labeled ligand bound to the binding protein is increased 

(52) US. Cl. ......................... .. 435/69.1; 435/4; 435/183 and allows the cells to be isolated from the rest of the library 
(58) Field of Classi?cation Search ..................... .. None Where ?uorescent labeling Of the target ligand is used, cells 

See application ?le for complete search history may be isolated by ?uorescence activated cell sorting 
(FACS). The approach is more rapid than prior art methods 

(56) References Cited and avoids problems associated With the surface-expression 

U.S. PATENT DOCUMENTS 

5,160,974 A 11/1992 Siegelet al. .............. .. 356/246 

Protein Library Expressed 
in the Bacterial Periplasm 

hi 

Side-Scatter 
Relative Fluorescence 

of ligand fusion proteins employed With phage display. 

41 Claims, 10 Drawing Sheets 

Incubation with fluorescentn-tagged ligand 

Isolate fluorescent cells 
using FACS 



US 7,871,796 B2 
Page 2 

U.S. PATENT DOCUMENTS 

5,348,867 A 9/1994 Georgiou et al. ......... .. 435/69.7 

5,571,698 A 11/1996 Ladner et al. 435/69.7 
5,648,237 A 7/1997 Carter ...... .. 435/69.1 

5,656,015 A 8/1997 Young ...... .. 601/2 

5,744,314 A 4/1998 Menzeletal. . 435/7.2 
5,759,810 A 6/1998 Honjo et al. .... .. .. 435/691 

5,780,279 A 7/1998 Matthews etal. . 435/172.3 
5,824,520 A 10/1998 Mulligan-Kehoe . 435/91.41 
5,837,500 A 11/1998 Ladner et al. 435/69.7 
5,866,344 A 2/1999 Georgiou ..... .. 435/7.21 

5,871,907 A * 2/1999 Winteret al. .. 506/9 

5,922,545 A 7/1999 Mattheakis et a1. .. 435/6 
5,955,604 A * 9/1999 Tsien et a1. ........ .. . 540/222 

6,001,823 A 12/1999 Hultgren et al. .... .. 514/99 
6,004,940 A * 12/1999 Marasco etal. .. 514/44A 

6,248,904 B1* 6/2001 Zhang et a1. .... .. 549/227 

6,335,178 B1* 1/2002 Weiner et al. ...... .. 435/69.1 

6,335,198 B1* 1/2002 delCardayre et al. . 435/440 
6,335,429 B1* 1/2002 Caiet al. ........... .. 530/402 

6,342,611 B1* 1/2002 Weber et a1. ....... .. 549/227 

6,352,859 B1* 3/2002 delCardayre et al. ...... .. 435/400 

6,379,964 B1* 4/2002 delCardayre et a1. ..... .. 435/440 
6,528,311 B1* 3/2003 delCardayre et al. ...... .. 435/440 

6,548,249 B1* 4/2003 Anderson et al. 506/10 
6,548,632 B1* 4/2003 Anderson et al. 506/18 
6,562,617 B1* 5/2003 Anderson et al. 506/14 
6,716,631 B1* 4/2004 delCardayre et al. ...... .. 435/440 

6,916,474 B2 7/2005 Harvey et a1. . 424/130.1 
7,033,781 B1* 4/2006 Short ....... .. 435/69.1 

7,083,945 B1* 8/2006 Chen et al. 435/69.1 
7,094,571 B2 * 8/2006 Harvey et a1. 435/69.1 
7,611,866 B2 * 11/2009 Georgiou et al. .. 435/69.l 

2002/0090666 A1* 7/2002 Fritz et a1. . . . . . . . . . . . . .. 435/23 

2005/0260736 A1 11/2005 Georgiou et al. .. . 435/252.3 

2006/0029947 A1 2/2006 Georgiou et al. .. ..... .. 435/6 

2007/0099267 A1 5/2007 Harvey et a1. ............ .. 435/69.1 

FOREIGN PATENT DOCUMENTS 

W0 WO 98/49286 11/1998 
W0 WO 99/60096 11/1999 
W0 WO 02/22861 3/2002 
W0 WO 02/34886 5/2002 
W0 WO 2005/019409 3/2005 
W0 WO 2005/095988 10/2005 

OTHER PUBLICATIONS 

Swiss-Prot Accession No. C6B352.* 
Martinez, Michael B et al, Biochemistry, vol. 35, 1996, pp. 1179 
1186, Accurate Kinetic Modeling of Alkaline Phosphatase in the 
Escherichia coli Periplasm: Implication sfor Enzyme Properties and 
Substrate Diffusion.* 
Swiss-Prot Accession No. P00634.* 
Ames, J Bioenergetics and Biomembranes, 20:1-17, 1988. 
Boder and Wittrup, “Yeast surface display for screening combinato 
rial polypeptide libraries,”Nature Biotechnology, 15:553-557, 1997. 
Boeke et al, “Effects of Bacteriophage f1 Gene III Protein on the Host 
Cell Membrane,” Mol. Gen. Genet., 186:185-192, 1982. 
Bradbury, “Selecting by microdialysis,” Nature Biotechnology, 
19:528-529, 2001. 
Buchner and Rudolph, “Renaturation, puri?cation, and characteriza 
tion of recombinant Fab-fragments produced in Escherichia coli,” 
Enzyme Microb. Technol, 9(2):157-162, 1991. 
Bukau et al., JBacteriology, 163:61-68, 1985. 
Burioni et al., “A new subtraction technique for molecular cloning of 
rare antiviral antibody speci?cities from phage display libraries,” 
Res. Virol, 149:327-330, 1998. 
Burman et al., “Murein and the Outer Penetration Barrier of 
Escherichia coli K-12, Proteus mirabilis, and Pseudomonas 
aeruginosa,”JBacteriol., 112(3):1364-1374, 1972. 

Chen et al., “Isolation of high-af?nity ligand-binding proteins by 
periplasmic expression with cytometric screening (PECS),” Nature 
Biotechnology, 19:537-542, 2001. 
Chowdhury and Pastan, “Improving antibody af?nity by mimicking 
somatic hypermutation in vitro,” Nat. Biotech., 17:568-572, 1999. 
Coia et a1 ., “Use of mutator cells as a means for increasing production 
levels of a recombinant antibody directed against Hepatitis B,” Gene 
201:203-209, 1997. 
Dall’Acqua and Carter, “Antibody engineering,” Curr. Opin. Struct. 
Biol., 8:443-450, 1998. 
Danese and Silhavy, “Targeting and assembly of periplasmic and 
outer-membrane proteins in Escherichia coli,” Annu. Rev. Genet., 
32:59-94, 1998. 
Daugherty et al., “Development of an optimized expression system 
for the screening of antibody libraries displayed on the Escherichia 
coli surface,” Prot. Eng., 12:613-620, 1999. 
Daugherty et al., “Flow cytometric screening of cell-based libraries,” 
JImmunol. Methods. 243 :2 1 1 -227, 2000. 
De Haard A et al., “A Large Non-immunized Human Fab Fragment 
Phage Library That Permits Rapid Isolation and Kinetic Analysis of 
High Af?nity Antibodies,” J Biol. Chem., 274: 18218-18230, 1999. 
De Wildt et al., “Antibody arrays for high-throughput screening of 
antibodyiantigen interactions,”Nat. Biotechnol. 18:989-994, 2000. 
Decad and Nikaido, “Outer Membrane of Gram-Negative Bacteria, 
XII Molecular-Sieving Function of Cell Wall,” J Bacteriol, 128:325 
336, 1976. 
Deng et al., “Basis for selection of improved carbohydrate-binding 
single-chain antibodies from synthetic gene libraries,” Proc. Natl. 
Acad. Sci. USA. 92:4992-4996, 1995. 
Deng et al., “Selection of Antibody Single-chain Variable Fragments 
with Improved Carbohydrate Binding by Phage Display,” J Biol. 
Chem., 269:9533-9538, 1994. 
Duenas and Borrebaeck, “Clonal selection and Ampli?cation of 
Phage Displayed Antibodies by Linking Antigen Recognition and 
Phage Replication,” Biotechnology, 12:999-1002, 1994. 
Farmer et al., “Penetration of B-lactamase inhibitors into the 
periplasm of Gram-negative bacteria,” FEMS Microbial. Lett., 
176:11-15, 1999. 
Feilmeier et al., “Green ?uorescent protein functions as a reporter for 
protein localization in Escherichia coli,” J Bacteriol, 182:4068 
4076, 2000. 
Georgiou and Valax, “Expression of correctly folded proteins in 
Esherichia coli,” Curr. Opin. Biotechnol., 7:190-197, 1996. 
Georgiou et al., “Display of heterologous proteins on the surface of 
microorganisms: From the screening of combinatorial libraries to 
live recombinant vaccines,” Nat. Biotechnol. 15:29-34, 1997. 
Griep et al., “pSKAP/ S: An Expression Vector for the Production of 
Single-Chain Fv Alkaline Phosphatase Fusion Proteins,” Prot. Exp. 
Purif, 16:63-69, 1999. 
Grif?ths et al., “Isolation of high af?nity human antibodies directly 
formlarge synthetic repertoires,” EMBO J., 13: 3245-3260, 1994. 
Hancock and Wong, “Compounds which increase the permeability of 
the Pseudomonas aeruginosa outer membrane,” Antimicrobial 
Agents and Chemotherapy, 26:48-52, 1984. 
Hawkins et al., “Selection of Phage Antibodies by Binding Af?nity,” 
JMol. Biol., 226:889-896, 1992. 
Helander and Mattila-Sandholm, “Fluorometric assessment of gram 
negative bacterial permeabilization,” J of Applied Microbiology, 
88:213-219, 2000. 
Higgins et al., “Binding protein-dependent transport systems,” J 
Bioenergetics and Biomembranes, 22:571-592, 1990. 
Hobot et al., “Periplasmic Gel: New Concept Resulting from the 
Reinvestigation of Bacterial Cell Envelope Ultrastructure by New 
Methods,”J. Bacteriol, 160(1):143-152, 1984. 
Hoischen et al., “Novel bacterial membrane surface display system 
using cell wall-less L-forms of Proteus mirabilis and Escherichia 
coli,”Applied and Environmental Microbiology, 68:525-531, 2002. 
Hoogenboom et al., “Creating and engineering human antibodies 
from immunotherapy,”Adv. Drug. Deliv. Rev., 31:5, 1998. 
Hoogenboom, “Designing and optimizing library selection strategies 
for generating high-af?nity antibodies,” TIBTECH, 15:62-70, 1997. 
Hudson, “Recombinant antibody fragments,” Curr. Opin. 
Biotechnol., 9:395-402, 1998. 



US 7,871,796 B2 
Page 3 

Johns et al., “In vivo selection of st from phage display libraries,” J. 
Immunol. Methods, 239:137-151, 2000. 
100 et al., “A high-throughput digital imaging screen for the discov 
ery and directed evolution of oxygenases,” Chemistry & Biology, 
6:699-706, 1999. 
Jouenne and Junter, “Do B-lactam antibiotics permeabilize the outer 
membrane of Gram-negative bacteria? An electochemical investiga 
tion,” FEMS Microbiol. Lett., 68:313-318, 1990. 
Kipriyanov et al., “Rapid detection of recombinant antibody frag 
ments directed against cell surface antigens by ?ow cytometry,” J. 
Immunal. Methods, 196:51-62, 1996. 
Kjaer et al., “Glycerol diversi?es phage repertoire selections and 
lowers non-speci?c phage absorption,” FEBS Lett., 431:448-452, 
1998. 
Knappick et al., “Fully Synthetic Human Combinatorial Antibody 
Libraries (HuCAL) Based on Modular Consensus Frameworks and 
CDRs Randomized with Trinucleotides,” J. Mol. Biol., 296:57-86, 
2000. 
Krebber et al., “Inclusion of an upstream transcriptional terminator in 
phage display vectors abolishes background expression of toxic 
fusions with coat protein g3p,” Gene, 178:71-74, 1996. 
Krebber et al., “Reliable cloning of functional antibody variable 
domains from hybridomas and spleen cell repertoires employing a 
reengineered phage display system,” J. Immunol. Methods, 201:35 
55, 1997. 
Le and Trotta, “Puri?cation of secreted recombinant proteins from 
Escherichia coli,”Bioprocess Technol., 12:163-181, 1991. 
Levitan, “Stochastic Modeling and Optimization of Phage Display,” 
J. Mol. Biol., 277:893-916, 1998. 
MacKenzie and To, “The role of valency in the selection of anti 
carbohydrate singl-chain Fvs from phage display libraries,” J. 
Immunol. Methods, 220:39-49, 1998. 
MacKenzie et a1, “Analysis by Surface Plasmon Resonance of the 
In?uence of Valence on the Ligand Binding Af?nity and Kinetics of 
an Anti-carbohydrate Antibody,” J. Biol. Chem., 271(3): 1527-1533, 
1996. 
Makrides, “Strategies for achieving high-level expression of genes in 
Escherichia coli,”Microbiol. Rev., 60:512-538, 1996. 
Malmborg et al., “Selection of binders from phage displayed anti 
body libraries using the BIAcore biosensor,” J. Immunol. Methods, 
198:51-57,1996. 
Martinez et al., “Accurate Kinetic Modeling of Alkaline Phosphatase 
in the Escherichia coli Periplasm: Implications for Enzyme 
Properitres and Substrate Diffusion,” Biochemistry, 35:1179-1186, 
1996. 
Martinez et al., “Steady-state enzyme kinetics in the Escherichia coli 
periplasm: a model of a whole cell biocatalyst, ” J. Biotechnol., 
71:59-66, 1999. 
Maynard and Georgiou, “Antibody Engineering,” Annu. Rev. 
Biomed. Eng., 2:339-376, 2000. 
Mutuberria et al., “Model systems to study the parameters determin 
ing the success of phage antibody selections on complex antigens,” J. 
Immunol. Methods, 231:65-81, 1999. 
Naglak and Wang, “Recovery of a foreign protein from the periplasm 
of Escherichia coli by chemical permeabilization,” Enzyme Microb. 
Technol., 12:603-611, 1990. 
Nakae et al., J. Bio. Chem, 250:7359-7365, 1975. 
Nikaido and Vaara, “Molecular Basis of Bacterial Outer Membrane 
Permeability,” Microbiol. Rev., 49:1-32, 1985. 
Oliver, “Periplasm,” In: Escherichia coil and Salmonella Cellular 
and Molecular Biology, 88-103, 1996. 
Olsen et al., “Function-based isolation of novel enzymes from a large 
library,” Nat. Biotechnol., 18: 1071-1074, 2000. 
Pini et al., “Design and Use of a Phage Display Library,” J Biol. 
Chem., 273:21769-21776, 1998. 
Pugsley, “The complete general secretary pathway in gram-negative 
bacteria,” Microbiol. Rev., 57:50-108, 1993. 
Rodi and Makowski, “Phage-display technologyi?nding a needle 
in a vast molecular haystack,” Curr. Opin. Biotechnol., 10:87-93, 
1999. 
Sawyer and Blattner, “Rapid detection of antigen binding by anti 
body fragments expressed in the periplasm of Escherichia coli,” 
Protein Engineering, 4:947-953, 1991. 

Sblattero and Bradbury, “Exploiting recombination in single bacteria 
to make large phage antibody libraries,” Nat. Biotechnol., 18:75-80, 
2000. 
Sheets et al., “Ef?cient construction of a large nonimmune phage 
antibody library: The production of high-af?nity human single-chain 
antibodies to protein antigens,”Proc. Natl. Acad Sci. USA ., 95 :6 1 57 
6162, 1998. 
Shusta et al., “Yeast Polypeptide Fusion Surface Display Levels 
Predict Thermal Stability and Soluble Secretion Ef?ciency,” J. Mol. 
Biol., 292:949-956, 1999. 
Thompson et al., “Af?nity Maturation of High-af?nity Human 
Monoclonal Antibody Against the Third Hypervariable Loop of 
Human Immunode?ciency Virus: Use of Phage Display to Improve 
Af?nity and Broaden Strain Reactivity,” J. Mol. Biol. 256:77-88, 
1999. 
Van Wielink and Duine, “How big is the periplasmic space?” Trends 
Biochem Sci., 15:136-137, 1990. 
Vaughan et al., “Human Antibodies with Sub-nanomolar Af?nities 
Isolated from a Large Non-immunized Phage Display Library,” Nat. 
Biotechnol., 14:309-314, 1996. 
Webster’s Ninth New Collegiate Dictionary, p. 354, 1990. 
Wol?ng and Pluckthun, “Protein folding in the periplasm of 
Escherichia coli,” 12:685-692, 1994. 
Barbas et al., “Assembly of combinatorial antibody libraries on phage 
surfaces: the gene III site,”Proc. Natl. Acad Sci. USA, 88:7978-7982, 
1991. 
Boder and Wittrup, “Yeast Surface Display for directed evolution of 
protein expression, af?nity, and stability,” Methods Enzymol., 
328:430-444, 2000. 
Boder et al., “Directed evolution of antibody fragments with 
monovalent femtomolar antigen-binding af?nity,” Proc. Natl. Acad. 
Sci. USA, 97(20):10701-10705, 2000. 
US. Appl. No. 10/288,269, ?led Nov. 5, 2002, Georgiou et al. 
Chen et al., “In vitro scanning saturation mutagenesis of all the 
speci?city determining residues in an antibody binding site,” Protein 
Eng., 12(4):349-356, 1999. 
Chen et al., “Selection and analysis of an optimized anti-VEGF 
antibody: crystal structure of an af?nity-matured Fab in complex 
with antigen,” J. Mol. Biol., 293:865, 1999. 
Cirino et al., “Disruption of anthrax toxin binding with the use of 
human antibodies and competitive inhibitors,” Infect. Immunity, 
67:2957-2963, 1999. 
Corey et al., “Trypsin display on the surface of bacteriophage,” Gene, 
128:129-134, 1993. 
Creighton, Thomas E., in his book “Protein Structure: A Practical 
Approach. 1989; pp. 184-186”. 
Creighton, Thomas E., in his book, “Proteins: Structures and Molecu 
lar Properties, 1984”, (p. 315). 
Daugherty et al., “Quantitative analysis of the effects of the mutation 
frequency on the af?nity maturation of single chain Fc antibodies,” 
PNAS, 97:2029-2034, 2000. 
De Haard et al., “Creating and engineering human antibodies for 
immunotherapy,” Advanced Drug Delivery Reviews, 31 :5-31, 1998. 
Fromant et al., “Direct random mutagenesis of gene-sized DNA 
fragments using polymerase chain reaction,” Anal. Biochem., 
224:347-353, 1995. 
Fuchs et al. “Seperation of E. coli expressing functional cell-wall 
bound antibody fragments by FACS,” Immunotechnology, 2(2):97 
102, 1996. 
Georgiou, “Analysis of large libraries of protein mutants using ?ow 
cytometry,”Adv. Protein Chem., 55:293-315, 2000. 
Gouf? et al., “Topology determination and functional analysis of the 
Escherichia coli TatC protein.” FEBS Lett., 525:65-70, 2002. 
Harvey et al., “Anchored periplasmic expression, a versatile technol 
ogy for the isolation of high-af?nity antibodies from Escherichia 
coli-expressedlibraries,”Proc. Natl. Acad. Sci., USA, 101(25):9193 
9198, 2004. 
Harvey, “Anchored periplasmic expression (APEX) of protein librar 
ies for ?ow cytometric selections,” American Chemical Society: 
Abstracts of paper at the national meeting of theAmerican Chemical 
Society, 224(1/2):BIOT-324, 2002. 
Hayhurst and Georgiou, “High-throughput antibody isolation,” Curr. 
Opin. Chem. Biol., 5:683-689, 2001. 



US 7,871,796 B2 
Page 4 

Hayhurst and Harris, “Escherichia coli Skp chaperone coexpression 
inproves solubility and phage display of single-chain antibody frag 
ments.” Protein Expr. Purif, 15:336-343, 1999. 
Hayhurst et al., “Isolation and expression of recombinant antibody 
fragments to the biological warfare pathogen Brucella melitensis,”J. 
Immunol. Methods, 276:185-196, 2003. 
Hayhurst, “Improved expression characteristics of single-chain Fv 
fragments when dowstream of the Escherichia coli maltose-binding 
protein or upstream of a single immunoglobulin-constant domain,” 
Protein Expr. Purif, 1811-10, 2000. 
Hoess, “Protein design and phage display,” Chem. Rev., 10113205 
3218, 2001 . 

Hultgren et al., “Bacterial adhesins and their assembly,” In: 
Escherichia coli and Salmonella Zj/phimurium. Cellular and 
MolecularBiology, Frederick Neidhardt et al., eds. vol. 212730-2756, 
1996. 

Hultgren et al., “Pilus and nonpilus bacterial adhesins: assembly and 
function in cell recognition,” Cell, 73:887-901, 1993. 
Li et al., “X-ray snapshots of the maturation of an antibody response 
to protein antigen,” Nat. Struct. Biol, 10:482-488, 2003. 
Low et al., “Mimicking somatic hypermutation: af?nity maturation 
of antibodies displayed on bacteriophage using a bacterial mutator 
strain,”./'. Mol. Biol, 260: 359-368, 1996. 
Lutz et al., “Rapid generation of incremental truncation libraries for 
protein engineering using alpha-phosphothioate nucleotides.” 
NucleicAcids Res., 291E16, 2001. 
Maenaka et al., “A stable phage-display system using a phagemid 
vector: phage display of hen egg-white lysozyme (HEL), Escherichia 
coli alkaline, phosphatase, and anti-HEL monoclonal antibody, 
HyHELlO,” Biochem. Biophys. Res. Commun., 2181682, 1996. 
Maynard et al., “Protection against anthrax toxin by recombinant 
antibody fragments correlates with antigen af?nity,” Nat. 
Biotechnol, 20:597-601, 2002. 
Mingarro et al., “Membrane-protein 
Biotechnol, 15:432-437, 1997. 
Miroux and Walker, “Over-production of proteins in Escherichia 
coli: mutant hosts that allow synthesis of some membrane proteins 
and globular proteins at high levels,” J. Mol. Biol, 260:289-298, 
1996. 

Nikaido, “Multidrug ef?ux pumps of gram-negative bacteria,” Jour 
nal ofBacteriology, 178(20):5853-5859, 1996. 

engineering,” Trends 

Nosoh et al. in “Protein stability and stabilization through protein 
engineering, 1991,” (Chapter 7, p. 197). 
Painbeni et al. “Alterations of the outer membrane composition in 
Escherichia coli lacking the histone-like protein Hu,” Proc. Nat. 
Acad. Sci. U.S.A., 94:6712-6717, 1997. 
Sagt et al., “Impaired cutinase secretion in Saccharomyces cerevisiae 
induces irregular endoplasmic reticulum (ER) membran prolifera 
tion, oxidative stress, and ER-associated degradation,” Appl. 
Environ. Microbiol, 68(5):2155-2160, 2002. 
Samuelson et al., “YidC mediates membrane protein insertion in 
bacteria,” Nature, 406:637-641, 2000. 
Schier et al., “Isolation of high-af?nity monomeric human anti-c 
erbB-2 single chain Fv using af?nity-driven selection,” J. Mol. Biol, 
255:28-43, 1996. 
Seydel et al., “Testing the ‘2+ rule’ for lipoprotein sorting in the 
Escherichia coli cell envelope with a new genetic selection,” Mol. 
Microbiol, 34(4):810-821, 1999. 
Somerville et al., “Bacterial aspects assiciated with the expresion of 
a single-chain antibody fragment in Escherichia coli, ” Appl. 
Microbiol. Biotechnol, 42:595-603, 1994. 
Stathopoulos et al., “Characterization of Escherichia coli expressing 
an Lpp’OmpA(46-159)-PhoA fusion protein localized in the outer 
membrane,”Appl. Microbiol. Biotechnol, 45:112-119, 1996. 
Staudenmaier et al. “Nucleotide sequences of the fecbcde genes and 
locations of the proteins suggest a periplasmic-binding-protein-de 
pendent transport mechanism for iron (III) dicitrate in Escherichia 
coli,”Journal ofBacteriology, May 1989, p. 2626-2633. 
Wittrup, “The single cell as a microplate well,” Nat. Biotechnol, 
18:1039-1040, 2000. 
Yakushi et al., “A new ABC transporter mediating the detachment of 
lipid-modi?ed proteins from membranes,” Nat. Cell. Biol., 2:212 
218, 2000. 
Yakushi et al., “Lethality of the covalent linkage between mislocal 
ized major outer membrane lipoprotein and the poptidoglycan of 
Escherichia coli,”Journal ofBacteriology, 179(9):2857, 1997. 
Yamaguchi, “A single amino acid determinant of the membrane 
localization oflipoproteins in E. coli,” Cell, 53(3):423-432, 1988. 
Yu et al., “Lipoprotein-28, a cytoplasmic membrane lipoprotein from 
Escherichia coli,”J. Biol. Chem., 261(5):2284-2288, 1986. 
Of?ce Action issued in Canadian Application No. 2,645,194, mailed 
Nov. 17, 2010. 

* cited by examiner 



US 7,871,796 B2 Sheet 1 0f 10 Jan. 18, 2011 US. Patent 

F GE 

@6an EB: £8 EmumEoé 3&5 

Sag Eg?éqmowméé ?g QESSS 

353225 952% 
1911938'9PIS 

885:3 553m ms 5 8mequ $5: SEEQ 



US. Patent Jan. 18, 2011 Sheet 2 0f 10 US 7,871,796 B2 

Light Chain Library 

ssc Height 3» 
101 

l ‘1'“"IT 1_F"""l ' ""'"I ' ""'"1 

100 101 102 103 104 
FL1 H ' r 10" 
HG 8;" Post 1stR0und Sroz‘ 

100 I ' I'm"! - III-"‘1 I -""“| - Irm" 

104: * 0 1 2 3 4 
5 Post 2nd Round Sort 10 70 10_ 70 70 

FL1 Height 

FIG. 28 

880 Height 

""Tm1 ' f""“T 1 '—'"""T ' ““‘ 

100 101 102 103 104 
FL1 Height 
FIG. 20 



US. Patent Jan. 18, 2011 Sheet 3 0f 10 US 7,871,796 B2 

100 101 102 103 104 
FL1-Height 

FIG. 3A FIG. 3B 

104 

. 0 ' _ 

100 101 102 103 104 100 107 102 103 104 
FL1-Height FL 1-Height 

@ § 0 //Z 

FIG. 30 FIG. 30 

iii) 4.95 

=. 0 ,_‘ L, 100 101 102 103 104 100 101 1'02 103 104 
FL1-Height FL 1-Height 
FIG. 35 FIG. 3F 

64 
iv) 3.16 viii) 54.95 

Events 
.. 0 " '2, _, 

100 101 102 103 104 100 101 10 103 104 
FLI-Height FL1-Height 
FIG. 36 FIG. 3H 



US. Patent Jan. 18, 2011 Sheet 4 0f 10 US 7,871,796 B2 

-. 0 I l 1 . 

100 101 102 103 104 100 101 102 103 104 
FL1-Height FL1-Height 

FIG. 4A FIG. 4B 

vi) 61.70 

Events 
102 103 

FL1-Height FL 1-Height 
FIG. 40 FIG. 40 

104 

100 101 102 103 104 100 101 102 103 104 
FL1-Heiyht FL 1-HeighI 

FIG. 4E FIG. 4F 

Events 
0 1 : u ' . 

104 100 101 102 103 104 
FL1-Height FL1-Height 

FIG. 46 FIG. 4H 



US. Patent Jan. 18, 2011 Sheet 5 0f 10 US 7,871,796 B2 

64 III 

11/) 164.01 
:2 
E 
E1 

100 101 102 103 104 100 101 102 103 104 
FL1-Height FL1-Height 

FIG. 5A FIG.5B 

64* n 64' _ 

:2 I!) 10.46 & IV) 447.85 I 
= = 5% 

u; G) 0 ‘ 0 WWA-nui' ///J; 

100 101 102 103 104 100 101 102 103 104 
FL1-Height FL1-Height 

FIG. 50 FIG. 50 



US. Patent Jan. 18, 2011 Sheet 6 0f 10 US 7,871,796 B2 

10 § 19+ 
E 18+9 

= "~ := 
E \ 1e+8 
a s 
E ‘5 16+7 
g m 
E 16+6 
E 

1e+5 '1 2 l9 4 5 

Round of Panning 

HGGA 

-®- NAIVE 
@- ROUND 1 
¥ ROUND 2 
—V- ROUND 3 
N— ROUND 4 
~El— ROUND 5 

III I llllllll I llllll] 

18+ 17 16+10 

tfu Per Well 
FIG. 68 



US. Patent Jan. 18, 2011 

Events 
100 101 102 103 104 

FL1-Height 
FIG. 60-1 

0 10.79 

Events 
100 101 102 103 104 

I‘M-Height 
FIG. 60-3 

FL1-Height 
FIG. 60-5 

Sheet 7 0f 10 US 7,871,796 B2 

100 101 102 103 104 
FL1-Heighl 
FIG. 60-2 

Events 
0 , 

100 107 102 103 104 
FL1-Height 
FIG. 60-4 

64 f . 

V!) 37.68 
:2 
= 
(D 

ii 
0 , 

100 101 102 103 104 
FL1-Height 
FIG. 60-6 



US. Patent Jan. 18, 2011 Sheet 8 0f 10 US 7,871,796 B2 

10 
Gana1G1nLeuLeuG1nSerA1aA1aGluValLysLysProGlyGluSerLeuLys 
CAGGTGCAGCTGTTGCAGTCTGCAGCAGAGGTGAAAAAGCCCGGGGAGTCTCTGAAG 

G AG GG G GCT' GTC T' A G C GA 
ValGlu GlyGlyGZyLeuVa] Gly Arg 

20 30 CDRl 
I]eSerCysLysG]ySerGlyTyrSerPheThr§erTerrpI1eGlyTrpValArg 
ATCTCCTGTAAGGGTTCTGGATACAGCTTTACCAGCTACTGGATCGGCTGGGTGCGC 
C GCA CC T C C GTGA AC GA A C 
Leu A7aA7a PheThr SerAsp IerGtSer I7e 

40 52a 
61nMetProGlyLysG1yLeuG1uTrpMetG1y11e11eTerroG1yAspSerAsp 
CAGATGCCCGGGAAAGGCCTGGAGTGGATGGGGATCATCTATCCTGGTGACTCTGAT 

GCT' A G G G 77CA7AC TAG AG A GTAGIACC 
A7a VaYSerIyr SerSerSerGZy 7hr 

CDR2 70 
ThrArgTyrSerProSerPheG]nGlyG1nVa1ThrI1eSerA1aAspLysSer11e 
ACCAGATACAGCCCGTCCTTCCAAGGCCAGGTCACCATCTCAGCCGACAAGTCCATC 
TATAC GCAGAC TG GA G GAT CAGG CG AG 
IleTyr A1aAsp Va1Lys ArgPhe Arg AsnAlaLys 

80 82a b c 90 
SerThrAIaTereuGlnTrpSerSerLeuLysA1aSerAspThrAlaVa1Teryr 
AGCACCGCCTACCTGCAGTGGAGCAGCCTGAAGGCCTCGGACACGGCCGTGTATTAC 
A TACTG 7‘ AAT A GA GA 
AsnSerLeu thAsn Arg G7u 

CDR3 110 
CysA]aArgA]aSerProSerGlyPheAspTerrpG]yG]nGlyThrLeuVa1Thr 
TGTGCAAGAGCTTCTCCTTCGGGGTTTGACTATTGGGGCCAAGGTACCCTGGTCACC 

ACGGG TT C 
ThrGZyPhePro 

A G AT 
ThrTyr 

ValSerSer 
GTCTCGAGT FIG. 7A 
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20 
CAGTCTGTGCTGACTCAGCCACCCTCAGCGTCTGGGACCCCCGGGCAGAGGGTCACC 
G1nSerVa1LeuThrG1nProProSerA1aSerG1yThrProG1yG1nArgVa1Thr 

CDRl 31 a b 
ATCTCTTGTTCTGGAAGCAGCTCCAACATCGGEXGTKATTATGTATACTGGTACCAG 
I]eSerCysSerG]ySerSerSerAsnI]eG1ySePAsnTera1TerrpTyrGln 

40 CDR2 
CAGCTCCCAGGAACGGCCCCCAAACTCCTCATCTATAGGAATAATCAGCGGCCCTCA 
G1nLeuPr0G1yThrA1aProLysLeuLeuI]eTyrArgAsnAsn61nArgProSer 

60 7O 
GGGGTCCCTGACCGATTCTCTGGCTCCAAGTCTGGCACCTCAGCCTCCCTGGCCATC 
G1yVa1ProAspArgPheSerG1ySerLysSerG1yThrSerA]aSerLeuA1aI1e 

80 CDR3 
AGTGGGCTCCGGTCCGAGGATGAGGCTGATTATTACTGTGCAGCATGGGATGACAGC 
SerG1yLeuArgSer61uAsp61uA]aAspTererysA1aAlaTrpAspAspSer 

95 a b 100 
CTGCGGGCTGTTGTATTCGGCGGAGGGACCAAGCTGACCGTCCTA 
LeuArgA1aVa1Va1PheG]yG1yG1yThrLysLeuThrVa1Leu 

G 6 CC 
GlyGZyPro 
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ISOLATION OF BINDING PROTEINS WITH 
HIGH AFFINITY TO LIGANDS 

This application is a divisional application of currently 
application Ser. No. 09/699,023, ?led Oct. 27, 2000 now US. 
Pat. No. 7,083,945, the contents of which are incorporated 
herein by reference. 

The government owns rights in the invention pursuant to 
DARPA Grant No. MDA(972-97-0009). 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to the ?eld of pro 

tein engineering. More particularly, it concerns methods for 
the screening of combinatorial libraries of polypeptides to 
allow isolation of enzymes having a desired catalytic activity 
and of ligandbinding proteins, including antibodies andbind 
ing proteins having af?nity for selected ligands 

2. Description of Related Art 
The isolation of proteins that either bind to ligands with 

high af?nity and speci?city or catalyze the enzymatic con 
version of a reactant (substrate) into a desired product is a key 
process in biotechnology. Ligand-binding proteins and 
enzymes with a desired substrate speci?city can be isolated 
from large libraries of mutants, provided that a suitable 
screening method is available. Small protein libraries com 
posed of 103-105 distinct mutants can be screened by ?rst 
growing each clone separately and then using a conventional 
assay for detecting clones that exhibit speci?c binding. For 
example, individual clones expressing different protein 
mutants can be grown in microtiter well plates or separate 
colonies on semisolid media such as agar plates. To detect 
binding the cells are lysed to release the proteins and the 
lysates are transferred to nylon ?lters, which are then probed 
using radiolabeled or ?uorescently labeled ligands (DeWildt 
et al. 2000). However, even with robotic automation and 
digital image systems for detecting binding in high density 
arrays, it is not feasible to screen large libraries consisting of 
tens of millions or billions of clones. The screening of librar 
ies of that size is required for the de novo isolation of enzymes 
or protein binders that have af?nities in the nanomolar range. 

The screening of very large protein libraries has been 
accomplished by a variety of techniques that rely on the 
display of proteins on the surface of viruses or cells (Ladner 
et al. 1993). The underlying premise of display technologies 
is that proteins engineered to be anchored on the external 
surface of biological particles (i.e., cells or viruses) are 
directly accessible for binding to ligands without the need for 
lysing the cells. Viruses or cells displaying proteins with 
af?nity for a ligand can be isolated in a variety of ways 
including sequential adsorption/desorption form immobi 
lized ligand, by magnetic separations or by ?ow cytometry 
(Ladner et al. 1993, US. Pat. No. 5,223,409, Ladner et al. 
1998, US. Pat. No. 5,837,500, Georgiou et al. 1997, Shusta et 
al. 1999). The most widely used display technology for pro 
tein library screening applications is phage display. Phage 
display is a well-established and powerful technique for the 
discovery of proteins that bind to speci?c ligands and for the 
engineering of binding af?nity and speci?city (Rodi and 
Makowski, 1999). In phage display, a gene of interest is fused 
in-frame to phage genes encoding surface-exposed proteins, 
most commonly pill. The gene fusions are translated into 
chimeric proteins in which the two domains fold indepen 
dently. Phage displaying a protein with binding af?nity for a 
ligand can be readily enriched by selective adsorption onto 
immobilized ligand, a process known as “panning”. The 
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2 
bound phage is desorbed from the surface, usually by acid 
elution, and ampli?ed through infection of E. coli cells. Usu 
ally, 4-6 rounds of panning and ampli?cation are suf?cient to 
select for phage displaying speci?c polypeptides, even from 
very large libraries with diversities up to 1010 Several varia 
tions of phage display for the rapid enrichment of clones 
displaying tightly binding polypeptides have been developed 
(Duenas and Borrebaeck, 1994; Malmborg et al., 1996; Kjaer 
et al., 1998; Burioni et al., 1998; Levitan, 1998; Mutuberria et 
al., 1999; Johns et al., 2000). 
One of the most signi?cant applications of phage display 

technology has been the isolation of high af?nity antibodies 
(Dall’Acqua and Carter, 1998; Hudson et al., 1998; Hoogen 
boom et al., 1998; Maynard and Georgiou, 2000). Very large 
and structurally diverse libraries of scFv or F A B fragments 
have been constructed and have been used successfully for the 
in vitro isolation of antibodies to a multitude of both synthetic 
and natural antigens (Grif?ths et al., 1994; Vaughan et al., 
1996; Sheets et al., 1998; Pini et al., 1998; de Haard et al., 
1999; Knappik et al., 2000; Sblattero and Bradbury, 2000). 
Antibody fragments with improved af?nity or speci?city can 
be isolated from libraries in which a chosen antibody had 
been subjected to mutagenesis of either the CDRs or of the 
entire gene CDRs (Hawkins et al., 1992; Low et al., 1996; 
Thompson et al., 1996; Chowdhury and Pastan, 1999). 
Finally, the expression characteristics of scFv, notorious for 
their poor solubility, have also been improved by phage dis 
play of mutant libraries (Deng et al., 1994; Coiaetal., 1997). 

However, several spectacular successes notwithstanding, 
the screening of phage-displayed libraries canbe complicated 
by a number of factors. First, phage display imposes minimal 
selection for proper expression in bacteria by virtue of the low 
expression levels of antibody fragment gene III fusion nec 
essary to allow phage assembly and yet sustain cell growth 
(Krebber et al., 1996, 1997). As a result, the clones isolated 
after several rounds of panning are frequently dif?cult to 
produce on a preparative scale in E. coli. Second, although 
phage displayed proteins may bind a ligand, in some cases 
their un-fused soluble counterparts may not (Griep et al., 
1999). Third, the isolation of ligand-binding proteins and 
more speci?cally antibodies having high binding a?inities 
can be complicated by avidity effects by virtue of the need for 
gene III protein to be present at around 5 copies per virion to 
complete phage assembly. Even with systems that result in 
predominantly monovalent protein display, there is nearly 
always a small fraction of clones that contain multiple copies 
of the protein. Such clones bind to the immobilized surface 
more tightly and are enriched relative to monovalent phage 
with higher af?nities (Deng et al., 1995; MacKenzie et al., 
1996, 1998). Fourth, theoretical analysis aside (Levitan, 
1998), panning is still a “black box” process in that the effects 
of experimental conditions, for example the stringency of 
washing steps to remove weakly or non-speci?cally bound 
phage, can only be determined by trial and error based on the 
?nal outcome of the experiment. Finally, even thoughpIII and 
to a lesser extent the other proteins of the phage coat are 
generally tolerant to the fusion of heterologous polypeptides, 
the need to be incorporated into the phage biogenesis process 
imposes biological constraints that can limit library diversity. 
Therefore, there is a great need in the art for techniques 
capable of overcoming these limitations. 

Protein libraries have also been displayed on the surface of 
bacteria, fungi, or higher cells. Cell displayed libraries are 
typically screened by ?ow cytometry (Georgiou et al. 1997, 
Daugherty et al. 2000). However, just as in phage display, the 
protein has to be engineered for expression on the cell surface. 
This imposes several potential limitations. First of all, either 
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the N-terminal or the C-terminal of the protein has to be fused 
to a vehicle for display. Thus, these technologies are not 
suitable where the N- or C-termini are essential for ligand 
binding. Second, the requirement for display of the protein on 
the surface of a cell imposes biological constraints that limit 
the diversity of the proteins and protein mutants that can be 
screened. Third, complex proteins consisting of several 
polypeptide chains cannot be readily displayed on the surface 
of bacteria, ?lamentous phages or yeast. As such, there is a 
great need in the art for technology which circumvents all the 
above limitations and provides an entirety novel means for the 
screening of very large polypeptide libraries. 
At present, the isolation of novel enzymes from libraries of 

protein mutants is typically accomplished either through the 
use of a phenotypic selection or screening in either solid 
phase or microtiter well plates. Biological selections are 
based on complementation of auxotrophy or resistance to 
cytotoxic agents (e.g., antibiotics). Unfortunately, the utility 
of phenotypic selections is limited to the isolation of catalysts 
for reactions that are of direct biological relevance or can be 
indirectly linked to a selectable phenotype. Alternatively, 
each clone in a mutant population may be screened directly 
for enzymatic activity. For libraries expressed in microorgan 
isms, screening can be performed on colonies growing on a 
solid substrate such as agar. Solid phase screening relies on 
substrates of an enzymatic reaction that give rise to a zone of 
clearance, a ?uorescent product, or a strongly absorbing 
(chromogenic) product. The assay may detect the enzyme 
product directly or may be coupled to a second enzyme whose 
product can in turn be easily monitored. However, many 
assays cannot be implemented in a solid phase format. If that 
is the case then individual clones must be grown and assayed 
in microtiter wells. Such assays are signi?cantly more time 
consuming than solid phase assays and severely limit the 
number of mutants that can be screened. However, when a 
small number of random mutants is screened, the probability 
of ?nding clones expressing an enzyme that can catalyze a 
desired biotransformation, especially when that biotransfor 
mation requires a complicated reaction, is severely affected. 

In general, methods that will allow the screening of large 
libraries of enzyme mutants on the basis of kinetic param 
eters, i.e., on the basis of how much product is generated per 
unit time, are needed. Phage display technology may in prin 
ciple be used as a tool for the isolation of useful enzymes from 
large libraries. However, harnessing phage display technol 
ogy for the isolation of enzyme catalysts from libraries has 
thus far not proven practical (Olsen et al. 2000). For example 
there is no apparent way to physically link in a quantitative 
manner a phage particle displaying a certain enzyme clone 
with the outcome of multiple catalytic turnovers resulting in 
the accumulation of reaction product. Establishing such a 
linkage is essential for the screening of protein libraries on the 
basis of catalytic pro?ciency. 

SUMMARY OF THE INVENTION 

In one aspect, the invention provides a method of obtaining 
a bacterium comprising a nucleic acid sequence encoding a 
binding protein capable of binding a target ligand, the method 
comprising the steps of: (a) providing a Gram negative bac 
terium comprising a nucleic acid sequence encoding a can 
didate binding protein, wherein the binding protein is 
expressed in soluble form in the bacterium; (b) contacting the 
bacterium with a labeled ligand capable of diffusing into the 
bacterium; and (c) selecting the bacterium based on the pres 
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4 
ence of the labeled ligand within the bacterium, wherein the 
ligand and the candidate binding protein are bound in the 
bacterium. 

In another aspect, the invention provides a method of 
obtaining a nucleic acid sequence encoding a binding protein 
capable of binding a target ligand, the method comprising the 
step of: (a) providing a Gram negative bacterium comprising 
a nucleic acid sequence encoding a candidate binding protein, 
wherein the binding protein is expressed in soluble form in 
the bacterium; (b) contacting the bacterium with a labeled 
ligand capable of diffusing into the bacterium; (c) selecting 
the bacterium based on the presence of the labeled ligand 
within the bacterium, wherein the ligand and the candidate 
binding protein are bound in the bacterium; and (d) cloning 
the nucleic acid sequence encoding the candidate binding 
protein. 

In another aspect of the invention, the binding protein 
expressed in the bacterium is further de?ned as expressed in 
soluble form in the periplasm of the bacterium. The nucleic 
acid sequence encoding the binding protein may still further 
be de?ned as encoding a nucleic acid sequence comprising 
the candidate binding protein sequence operably linked to a 
leader sequence capable of directing expression of the candi 
date binding protein in the periplasm. Potentially any Gram 
negative bacterium could be used with the invention, includ 
ing, for example, an E. coli bacterium. In one embodiment of 
the invention, the nucleic acid sequence encoding a candidate 
binding protein may be further de?ned as capable of being 
ampli?ed following the selection. The invention may still 
further be de?ned as including removing labeled ligand not 
bound to the candidate binding protein. 

In yet another aspect, the invention comprises providing a 
population of Gram negative bacteria. In one embodiment of 
the invention, the population of bacteria is further de?ned as 
collectively capable of expressing a plurality of candidate 
binding proteins. In yet another embodiment of the invention, 
the population of bacteria is obtained by a method comprising 
the steps of: a) preparing a plurality DNA inserts which 
collectively encode a plurality of different potential binding 
proteins, and b) transforming a population of gram negative 
bacteria with the DNA inserts. The population of Gram nega 
tive bacteria may be still further de?ned as contacted with the 
labeled ligand. 

In still yet another aspect of the invention, a candidate 
binding protein employed in accordance with the invention is 
further de?ned as an antibody or fragment thereof, or alter 
natively, is a binding protein other than an antibody. Still 
further, the candidate binding protein may be an enzyme, 
including any portion thereof. A candidate binding protein 
used with the invention may be further de?ned as not capable 
of diffusing out of the periplasm in intact bacteria. 

In still yet another aspect of the invention, a labeled ligand 
may comprise a polypeptide, an enzyme and/or a nucleic acid 
or the like. The labeled ligand may be further de?ned as 
comprising a molecular weight of less than about 20,000 Da, 
less than about 10,000 Da or less than about 5,000 Da, and 
may in other embodiments of the invention be described as 
greater than 600 Da in molecular weight. The labeled ligand 
may be still further de?ned as ?uorescently labeled. 

In still yet another aspect, the invention comprises treating 
a bacterium to facilitate diffusing of a target ligand into the 
periplasm. In certain embodiments of the invention, the treat 
ing may comprise use of hyperosmotic conditions, physical 
stress, treating the bacterium with a phage, or growing the 
bacterium at a sub-physiological temperature, for example, 
about 25° C. 
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In still yet another aspect, the invention comprises select 
ing one or more bacteria using FACS or magnetic separation. 
In the invention, the ligand and candidate binding protein may 
be further de?ned as reversibly bound in the periplasm. 

In still yet another aspect, the invention provides a method 
of obtaining a bacterium comprising a nucleic acid sequence 
encoding a catalytic protein catalyzing a chemical reaction 
involving a target substrate, the method comprising the steps 
of: (a) providing a Gram negative bacterium comprising a 
nucleic acid sequence encoding a candidate catalytic protein, 
wherein the catalytic protein is expressed in soluble form in 
the bacterium; (b) contacting the bacterium with a target 
substrate capable of diffusing into the bacterium, wherein the 
candidate catalytic protein catalyzes a chemical reaction 
involving the target substrate and wherein the chemical reac 
tion yields at least a ?rst substrate product; and (c) selecting 
the bacterium based on the presence of the ?rst substrate 
product. In yet another aspect of the invention, the method 
may be further de?ned as a method of obtaining a nucleic acid 
sequence encoding a catalytic protein catalyzing a reaction 
with a target substrate, the method further comprising the step 
of: (d) cloning the nucleic acid sequence encoding the candi 
date catalytic protein. By “catalytic protein” it is meant a 
molecule which is capable of increasing the rate of a chemical 
reaction relative to the rate the reaction would occur absent 
the catalytic protein. In the method, the candidate catalytic 
protein may be expressed in soluble form in the periplasm of 
the bacterium. The nucleic acid sequence encoding a candi 
date catalytic protein may, in further embodiments of the 
invention, be de?ned as operably linked to a leader sequence 
capable of directing expression of the candidate catalytic 
protein in the periplasm. 

In still yet another aspect, the aforementioned method may 
be carried out with any Gram negative bacterium, for 
example, an E. coli bacterium. The invention may also com 
prise providing a population of Gram negative bacteria. The 
population may be further de?ned as collectively capable of 
expressing a plurality of candidate catalytic proteins. In one 
embodiment of the invention, the population of bacteria is 
obtained by a method comprising the steps of: a) preparing a 
plurality DNA inserts which collectively encode a plurality of 
different candidate catalytic proteins, and b) transforming a 
population of Gram negative bacteria with the DNA inserts. 
The Gram negative bacteria may be de?ned as contacted with 
the target substrate. A bacterium selected with the invention 
may be further de?ned as viable following the selecting. 
Selecting may be carried out by any desired method, for 
example, FACS or magnetic separation. 

In still yet another aspect of the invention, a candidate 
catalytic protein is an enzyme. The candidate catalytic protein 
may also be de?ned as not capable of diffusing out of the 
periplasm. 

In still yet another aspect of the invention, a target substrate 
may comprise a molecule containing a scissile amide bond. 
The target substrate may also comprise a polypeptide or a 
nucleic acid. In certain embodiments of the invention, the 
target substrate comprises a molecule containing a scissile 
carboxylic ester bond, a molecule containing a scissile phos 
phate ester bond, a molecule containing a scissile sulfonate 
ester bond, a molecule containing a scissile carbonate ester 
bond, a molecule containing a scissile carbamate bond, and/ 
or a molecule containing a scissile thioester bond. In still 
further embodiments of the invention, the target substrate is 
further de?ned as comprising a molecular weight of less than 
about 20,000 Da, less than about 5,000 Da, less than about 
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6 
3,000 Da, or may be de?ned as comprising a molecular 
weight of greater than about 600 Da, including from about 
600 Da to about 30,000 Da. 

In still yet another aspect of the invention, the ?rst substrate 
product is further de?ned as capable of being detected based 
on the presence of a ?uorescent signature. This ?uorescent 
signature may be ab sent in the target substrate, and may only 
be produced upon chemical reaction to produce the ?rst sub 
strate product. In one embodiment of the invention, a ?uo 
rescent signature is produced by catalytic cleavage of a scis 
sile bond. The method may be further de?ned as comprising 
use of a FRET system, the FRET system comprising a ?uo 
rophore bound by a scissile bond to at least a ?rst molecule 
capable of quenching the ?uorescence of the ?uorophore, 
wherein cleavage of the scissile bond allows the ?rst molecule 
to diffuse away from the ?uorophore and wherein the ?uo 
rescence of the ?uorophore becomes detectable. In the 
method, the ?uorophore may comprise a positive charge 
allowing the ?uorophore to remain associated with the bac 
terium. In further embodiments of the invention, the target 
substrate may be further de?ned as comprising a latent ?uo 
rescent moiety capable of being released by the chemical 
reaction involving the target substrate. The latent ?uorescent 
moiety released by the cleavage may possess an overall posi 
tive charge allowing the moiety to remain associated with the 
bacterium following the cleavage. In yet another embodiment 
of the invention, the method may comprise labeling the target 
substrate with a ?uorescent pH probe capable of being 
detected upon a change in pH associated with the chemical 
reaction involving the target substrate. The ?uorescent pH 
probe may possess an overall positive charge allowing the 
?uorescent pH probe to remain associated with the bacterium 
following the chemical reaction involving the target sub 
strate. It will be understood by those of skill in the art that 
multiple products may be produced as a result of the chemical 
reaction and any one or more of these could potentially be 
detected to reveal that occurrence of the chemical reaction. 
Accordingly, the reaction product may comprise a change in 
pH within the bacterium which could be detected. 

In still yet another aspect, the invention may comprise 
treating the bacterium to facilitate the diffusing into the peri 
plasm, for example, using hyperosmotic conditions, physical 
stress, treating the bacterium with a phage, and growing the 
bacterium at a sub-physiological temperature, for example, 
about 25° C. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following drawings form part of the present speci?ca 
tion and are included to further demonstrate certain aspects of 
the present invention. The invention may be better understood 
by reference to one or more of these drawings in combination 
with the detailed description of speci?c embodiments pre 
sented herein. 

FIG. 1. General scheme of the basis of a preferred embodi 
ment of the invention. A library of proteins expressed in the 
periplasmic space of bacteria is contacted with a ?uorescent 
reagent. Bacterial clones expressing a protein having a 
desired activity (e. g., either binding of the probe or enzymatic 
conversion to a product) become ?uorescently labeled. The 
?uorescent cells can subsequently be isolated by FACS. 

FIG. 2. Isolation of af?nity improved mutants of an anti 
digoxin antibody by two rounds of sorting. A library of scFv 
mutants in which three residues in the light chain had been 
randomized was constructed as described in Example 2. A 
total of 2.5><106 transformants were grown in liquid media, 
labeled with 100 nM digoxin-BODIPYTM and ?uorescent 
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cells falling within the window shown in the rightmost panel 
were sorted by FACS. The sorted cells were grown in liquid 
media, re-labeled and cells falling within the speci?ed win 
dow as shown in the center panel were isolated. Following a 
?nal round of re-growth the cells were analyzed by FACS 
(left-most panel). Single scFv antibody colonies were picked 
at random, analyzed and the a?inity of the corresponding 
scFv proteins are reported in Table 1. 

FIG. 3. Shows strain dependence of periplasmic FACS 
signal: i) TGl/pHEN2.thy; ii) HB2151/pHEN2.thy; iii) 
ABLETMC/pHEN2.thy; iv) ABLETMK/pHEN2.thy; v) TGl/ 
pHEN2.dig; vi) HB2151/pHEN2.dig; vii) ABLETMC/ 
pHEN2.dig; viii) ABLETMK/pHEN2.dig. 

FIGS. 4A-4H. Effect of hyperosmotic shock on labeling 
e?iciency: FIG. 4A, FIG. 4C, FIG. 4E, FIG. 4G: pHEN2.thy; 
FIG. 4B, FIG. 4D, FIG. 4F, FIG. 4H pHEN2.dig; FIG. 4A and 
FIG. 4B, leBS; FIG. 4C and FIG. 4D, 2.5><PBS; FIG. 4E 
and FIG. 4F 5><PBS; FIG. 4G and FIG. 4H 10><PBS. 

FIGS. 5A-5D. Maximizing periplasmic FACS signal in 
ABLETMC labeled in 5><PBS using Pm vector and superin 
fection with M13KO7 (moi of 10) 0.5h pre-induction: FIG. 
5A pHEN.thy; FIG. 5C pHEN2.thy/M13K07; pHEN2.dig; 
FIG. 5D pHEN2.dig/M13K07. 

FIGS. 6A-6C. FIG. 6A: Phage eluate titers, after each 
round of panning FIG. 6B: Polyclonal phage ELISA of puri 
?ed phage stocks on digoxin-ovalbumin. FIG. 6C: FACScan 
ning nai've library FIG. 6C-l and rounds one to ?ve (FIG. 
6C-2 to FIG. 6C-6) of panning on digoxin-BSA using 
BODIPYTM-digoxygenin. 

FIG. 7A, B. Amino acid and nucleotide sequences of scFv 
antibody fragments isolated by expression in the periplasm 
and FACS. FIG. 7A: Heavy chain of digl is shown in true font 
while dig3 is shown in italics underneath. The nucleotide 
sequences corresponding to the heavy chains of dig l and dig 
3 are given by SEQ ID NO:l7 and SEQ ID NO:l8, respec 
tively. Dig2 variation from dig l is as indicated in underlined 
text within CDR3. FIG. 7B: Light chain of digl, 2 and 3 with 
variations in CDR3 indicated as for heavy chain. The nucle 
otide sequences corresponding to the light chains of digl and 
dig 3 are given by SEQ ID NO:l9 and SEQ ID NO:20, 
respectively. The underlined four nucleotide variation begin 
ning at nucleotide 99 is given by SEQ ID NO:2l. 

FIGS. 8A-8D. Labeling of periplasmic scFv by ?uores 
cently tagged oligonucleotide probe. ABLETMC cells 
expressing periplasmic scFv speci?c for either atrazine as a 
negative control (FIG. 8A and FIG. 8C) or for digoxin (FIG. 
8B and FIG. 8D) were labeled either with: 100 nM with 
digoxigenin-BODIPYTM(FIG. 8A and FIG. 8B) or 100nM of 
dig-5A-FL (FIG. 8C and FIG. 8D). 10,000 events were 
recorded using a FACSort ?ow cytometer at a rate of approxi 
mately 1,000 events per second. 

FIGS. 9A-9B. Fluorescence discrimination of E. coli 
expressing the enzyme cutinase (an esterase) from control 
bacteria not expressing the enzyme. E. coli DH5acells were 
transformed either with the plasmid pBADl8Cm (control 
cells) or with the derivative plasmid pKG3-53-l encoding the 
F usarium solani enzyme cutinase. FIG. 9A. Fluorescence 
histogram showing the selective labeling of E. coli expressing 
cutinase in the periplasm (pkg3-53-l containing-cells) using 
a ?uorescent esterase substrate (10p.M Fluorescein Dibu 
tyrate) for 30 minutes at 37° C. FIG. 9B. Fluorescence histo 
gram of from selective labeling of cutinase-expressing cells 
(transcribed from the pKG3-53-4 vector) labeled with a ?uo 
rescent pH-Sensitive Dye (1 uM LysoSensor Green DND 
189) in the presence of cutinase substrate (1 mM 4-Nitrophe 
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8 
nyl Butyrate). The cells were labeled for 5 minutes at 25° C. 
Acidi?cation of the periplasm occurred as a result of ester 
hydrolysis by the cutinase. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

The present technology circumvents the limitations of the 
prior art and provides an entirety novel means for the screen 
ing of very large polypeptide libraries. In particular, the 
invention overcomes de?ciencies in the prior art by providing 
a rapid approach for isolating proteins that bind to small 
molecules and peptides via “display-less” library screening. 
A description of an example of such a process in accordance 
with the invention is described for illustrative purposes in 
FIG. 1. In the technique, libraries of candidate binding pro 
teins, such as antibody sequences, are expressed in soluble 
form in the periplasmic space of gram negative bacteria, such 
as Escherichia coli, and are mixed with a labeled ligand. The 
periplasm comprises the space de?ned by the inner and outer 
membranes of a gram-negative bacterium. 

In wild-type E. coli and other gram negative bacteria, the 
outer membrane serves as a permeability barrier that severely 
restricts the diffusion of molecules greater than 600 Da into 
the periplasmic space (Decad and Nikado, 1976). Conditions 
that increase the permeability of the outer membrane, allow 
ing larger molecules to diffuse in the periplasm, have two 
deleterious effects in terms of the ability to screen libraries: 
(a) the cell viability is affected to a signi?cant degree and (b) 
the diffusion of molecules into the cell is accompanied by the 
diffusion of proteins and other macromolecules. The 
expressed proteins leak out of the periplasm and thus the 
resulting cell based libraries cannot be screened in a mean 
ingful way. However, the inventors have identi?ed experi 
mental conditions such that allow ?uorescent conjugates of 
ligands and polypeptides equilibrate across the outer mem 
brane while proteins secreted into the periplasm remain 
within the cell. Therefore, inbacterial cells expressing recom 
binant polypeptides with af?nity for the ligand, the concen 
tration of the labeled ligand bound to the binding protein is 
increased, allowing the bacteria to be isolated from the rest of 
the library. Where ?uorescent labeling of the target ligand is 
used, cells may e?iciently be isolated by ?uorescence acti 
vated cell sorting (FACS). Thus, in effect, the cell envelope 
serves as a “dialysis bag” that retains macromolecule:ligand 
complexes, but not free ligand (FIG. 1). With this approach, 
existing libraries of secreted proteins in bacteria can be easily 
tested for ligand binding without the need for subcloning into 
a phage or cell surface display system. 

I. Anchor-Less Display Library Screening 
Prior art methods of both phage display and bacterial cell 

surface display suffer from a limitation in that the protein is 
required, by de?nition, to be physically displayed on the 
surface of the vehicle used, to allow unlimited access to the 
targets (immobilized for phage or ?uorescently conjugated 
ligands for FACS) (US. Pat. No. 5,223,409, the disclosure of 
which is speci?cally incorporated herein by reference in its 
entirety). Certain proteins are known to be poorly displayed 
on phage (Maenaka et al., 1996; Corey et al., 1993) and the 
toxic effects of cell surface display have been treated at length 
(Daugherty et al., 1999). The proteins to be displayed also 
need to be expressed as fusion proteins, which may alter their 
function. The selection constraints imposed by any display 
system may, therefore, limit the application to relatively small 
and “simple” proteins and deny access to a multitude of large 
and complex multisubunit species. The latter are very likely 
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to be incapable of partaking e?iciently in the complex process 
of phage assembly termination or outer-membrane transloca 
tion without very serious effects on host cell viability. 

Herein, the inventors have described conditions whereby 
expressed binding proteins, for example, an antibody, are 
targeted to the periplasmic compartment of E. coli and yet are 
amenable to binding ligands and peptides of up to at least 2 
kDa. As used herein, the term “binding protein” includes not 
only antibodies, but also fragments of antibodies, as well as 
any other polypeptide or protein potentially capable of bind 
ing a given target molecule. The antibody or other binding 
proteins may be expressed with the invention directly and not 
as fusion proteins. Such a technique may be termed “anchor 
less-display” (ALD). To understand how it may work, one 
needs to be aware of the location in which it functions. 

The periplasmic compartment is contained between the 
inner and outer membranes of Gram negative cells (see, e.g., 
Oliver, 1996). As a sub-cellular compartment, it is subject to 
variations in size, shape and content that accompany the 
growth and division of the cell. Within a framework of pep 
tidoglycan heteroploymer is a dense mileau of periplasmic 
proteins and little water, lending a gel-like consistency to the 
compartment (Hobot et al., 1984; van Wielink and Duine, 
1990). The peptidoglycan is polymerized to different extents 
depending on the proximity to the outer membrane, close-up 
it forms the murein sacculus that affords cell shape and resis 
tance to osmotic lysis. 

The outer membrane (see Nikaido, 1996) is composed of 
phospholipids, porin proteins and, extending into the 
medium, lipopolysaccharide (LPS). The molecular basis of 
outer membrane integrity resides with LPS ability to bind 
divalent cations (Mg2+ and Ca2+) and link each other elec 
trostatically to form a highly ordered quasi-crystalline 
ordered “tiled roof” on the surface (Labischinski et al., 1985). 
The membrane forms a very strict permeability barrier of 
allowing passage of molecules no greater than around 650 Da 
(Burman et al., 1972; Decad and Nikaido, 1976) via the 
porins. The large water ?lled porin channels are primarily 
responsible for allowing free passage of mono and disaccha 
rides, ions and amino acids in to the periplasm compartment 
(Naeke, 1976; Nikaido and Nakae, 1979; Nikaido and Vaara, 
1985). With such strict physiological regulation of access by 
molecules to the periplasm it may appear, at ?rst glance, 
inconceivable that ALD should work unless the ligands 
employed are at or below the 650 Da exclusion limit or are 
analogues of normally perrneant compounds. However, the 
inventors have shown that ligands at least 2000 Da in size can 
diffuse into the periplasm. Such diffusion can be aided by one 
or more treatments of a bacterial cell, thereby rendering the 
outer membrane more permeable, as is described herein 
below. 

II. Ligand Access to the Bacterial Periplasm 
Certain classes of hydrophobic antibiotics, larger than the 

650 Da exclusion limit, can diffuse through the bacterial outer 
membrane itself, independent of membrane porins (Farmer et 
al., 1999). The process may actually permeabilize the mem 
brane on so doing (Jouenne and Junter, 1990). Such a mecha 
nism has been adopted to selectively label the periplasmic 
loops of a cytoplasmic membrane protein in vivo with a 
polymyxin B nonapeptide (Wada et al., 1999). Also, certain 
long chain phosphate polymers (100 Pi) appear to bypass the 
normal molecular sieving activity of the outer membrane 
altogether (Rao and Torriani, 1988). However, such condi 
tions generally lead to a decrease in cell viability. Maintaining 
the cells in a viable state is essential for library screening 
applications since non-viable cells cannot be propagated. 
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10 
The inventors have de?ned conditions that lead to the per 

meation of ligands into the periplasm without loss of viability 
or release of the expressed proteins from the cells. As a result, 
cells expressing binding protein can be ?uorescently labeled 
simply by incubating with a solution of ?uorescently labeled 
ligand. The inventors have ob served marked differences in 
labeling ef?ciencies of different strains of bacterial host cells. 
It has been shown previously that increased permeability due 
to OmpF overexpression was caused by the absence of a 
histone like protein resulting in a decrease in the amount of a 
negative regulatory MRNA for OmpF translation (Painbeni et 
al., 1997). Also, DNA replication and chromosomal segrega 
tion is known to rely on intimate contact of the replisome with 
the inner membrane, which itself contacts the outer mem 
brane at numerous points. That the FACS optimal ABLEC 
strain has mutations altering plasmid copy number is thus, 
noteworthy. 
The inventors also noticed that treatments such as hyper 

osmotic shock can improve labeling signi?cantly. It is known 
that many agents including, calcium ions (Bukau et al., 1985) 
and even Tris buffer (Irvin et al., 1981) alter the permeability 
of the outer-membrane. Further, the inventors found that 
phage infection stimulates the labeling process. Both the 
?lamentous phage inner membrane protein p111 and the large 
multimeric outer membrane protein pIV can alter membrane 
permeability (Boeke et al., 1982) with mutants in pIV known 
to improve access to maltodextrins normally excluded (Mar 
ciano et al., 1999). Using the techniques of the invention 
comprising a judicious combination of strain, salt and phage, 
the inventors surpassed the highest ?uorescent signal 
reported even for cell surface display of the antidigoxin anti 
body scFv (Daugherty et al., 1999). This result demonstrated 
that the anchor-less display methodology allows for excellent 
ligand-dependent labeling of cells. Cells labeled with a ?uo 
rescent ligand can then be easily isolated from cells that 
express non-binding protein mutants using ?ow cytometry or 
other related techniques. 

III. Periplasmic Peptide Expression 
In one embodiment of the invention, bacterial cells are 

provided expressing candidate molecules in the periplasm of 
the bacteria. An advantage of the instant invention is that, 
unlike prior art phage display techniques, it is not necessary 
that the candidate molecule be surface-bound, thereby limit 
ing the potential for effects due to surface interactions with 
the candidate molecule, or limitations in the expression 
thereof. Thus, the invention employs “anchor-less display.” 
The general scheme behind the technique of the invention is 
the advantageous expression of a heterogeneous collection of 
peptides in soluble form in the periplasm. 

Methods that may be employed with the current invention 
for the expression of heterolo gous proteins in the periplasm of 
Gram negative bacteria are well known in the art (see, for 
example, US. Pat. Nos. 5,646,015 and 5,759,810, the disclo 
sures of which are incorporated herein by reference in their 
entirety). In such techniques, bacterial-encoded heterologous 
proteins can be directed across the inner membrane of the 
bacterial cell envelope, into the space between the inner and 
the outer membrane known as the periplasm. For example, 
when a protein is expressed as a fusion protein having an E. 
coli-recognized peptide or “signal peptide” attached to its 
N-terminus, the desired protein is secreted into the periplasm. 
Signal peptides that could potentially be employed with the 
invention are well known in the art and include, for example, 
those described by Watson (1984), Oka et al, (1985), Hsiung 
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et al, (1986) and EP 177,343, each ofthe disclosures ofwhich 
are speci?cally incorporated herein by reference in their 
entirety. 

In phage display, a gene encoding a protein of interest is 
commonly linked to the amino-terminal domain of the gene 
III coat protein of the ?lamentous phage M13, or another 
surface-associated molecule. The fusion is mutated to form a 
library of structurally related fusion proteins that are 
expressed in low quantity on the surface of phagemid candi 
dates. For example, US. Pat. No. 5,571,698 describes 
directed evolution using an M13 phagemid system. However, 
in the instant invention, fusion to the gene III coat protein is 
not necessary, as the protein is expressed in soluble form in 
the periplasm. Instead, it may be desirable to create a fusion 
protein of the candidate periplasmic-expressed binding pro 
tein or antibody with a signal sequence directing expression 
of that protein in the periplasm. As such, techniques for the 
creation of heterogeneous collections of candidate mol 
ecules, well known to those of skill in the art in conjunction 
with phage display, could be adapted for use with the inven 
tion. Those of skill in the art will recognize that such adapta 
tions will include the use of bacterial elements for expression 
and secretion of candidate molecules into the periplasm, 
including, promoter, enhancers or leader sequences. The cur 
rent invention provides the advantage relative to phage dis 
play of not requiring the creation of fusions with surface 
associated molecules, as required in standard display 
protocols, which may be poorly expressed or may be delete 
rious to the host cell. 

Examples of techniques that could be employed in con 
junction with the invention for expression of candidate bind 
ing proteins and/or antibodies, in the periplasm include the 
techniques for expression of immunoglobulin heavy chain 
libraries described in US. Pat. No. 5,824,520. In this tech 
nique, a single chain antibody library is generated by creating 
highly divergent, synthetic hypervariable regions. Similar 
techniques for antibody display are given by US. Pat. No. 
5,922,545. 

In accordance with another embodiment of the invention, 
the identi?cation and selection of novel substrates for 
enzymes also could be carried out in the bacterial periplasm 
(see, for example, US. Pat. No. 5,780,279). The method 
comprises constructing a gene fusion comprising DNA 
encoding a polypeptide fused to a DNA encoding a substrate 
peptide. The DNA encoding the substrate peptide is mutated 
at one or more codons, thereby generating a family of 
mutants. The fusion protein could be expressed in the peri 
plasm of a bacterium and subjected to potential inhibition or 
modi?cation by target ligands. Those bacteria in which modi 
?cations have taken place can then be separated from those 
that have not. By employing FACS screening technology, the 
general progress of a reaction could similarly be ef?ciently 
monitored. 

IV. Screening Candidate Molecules 
The present invention further comprises methods for iden 

tifying molecules capable of binding a target ligand. The 
molecules screened may comprise large libraries of diverse 
candidate substances, or, alternatively, may comprise particu 
lar classes of compounds selected with an eye towards struc 
tural attributes that are believed to make them more likely to 
bind the target ligand. In a preferred embodiment of the 
invention, the candidate molecule is an antibody, or a frag 
ment or portion thereof In other embodiments of the inven 
tion, the candidate molecule may be another binding protein 
or an enzyme. 
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To identify a candidate molecule capable of binding a 

target ligand in accordance with the invention, one may carry 
out the steps of: providing a population of Gram negative 
bacterial cells comprising candidate molecules expressed in 
the periplasm of the bacteria; admixing the bacteria and at 
least a ?rst labeled target ligand capable of diffusing into the 
periplasm of the bacteria; and identifying at least a ?rst bac 
terium expressing a molecule capable of binding the target 
ligand. 

In the aforementioned method, the binding between the 
candidate molecule and the ligand will prevent the diffusing 
out of the cell. In this way, multiple molecules of the labeled 
ligand will be retained in the periplasm of the bacterium. The 
labeling may then be used to isolate the cell expressing the 
molecule capable of binding the target ligand, and in this way, 
the gene encoding the molecule isolated. The molecule 
capable of binding the target ligand may then be produced in 
large quantities using in vivo or ex vivo expression methods, 
and then used for any desired application, for example, for 
diagnostic or therapeutic applications, as described below. 
As used herein the term “candidate molecule” or “candi 

date polypeptide” refers to any molecule or polypeptide that 
may potentially have af?nity for a target ligand. The candi 
date substance may be a protein or fragment thereof, includ 
ing a small molecule. The candidate molecule may in one 
embodiment of the invention, comprise an antibody sequence 
or fragment thereof Such sequences may be particularly 
designed for the likelihood that they will bind a target ligand. 

Binding proteins or antibodies isolated in accordance with 
the invention also may help ascertain the structure of a target 
ligand. In principle, this approach yields a pharmacore upon 
which subsequent drug design can be based. It is possible to 
bypass protein crystallography altogether by generating anti 
idiotypic antibodies to a functional, pharmacologically active 
antibody. As a mirror image of a mirror image, the binding 
site of anti-idiotype would be expected to be an analog of the 
original antigen. The anti-idiotype could then be used to 
identify and isolate peptides from banks of chemically- or 
biologically-produced peptides. Selected peptides would 
then serve as the pharmacore. Anti-idiotypes may be gener 
ated using the methods described herein for producing anti 
bodies, using an antibody as the antigen. 
On the other hand, one may simply acquire, from various 

commercial sources, small molecule libraries that are 
believed to meet the basic criteria for binding the target 
ligand. Such libraries could be provided by way of nucleic 
acids encoding the small molecules or bacteria expressing the 
molecules. 

V. Screening of Enzyme Libraries 
Yet another aspect of the present invention relates to the 

isolation of enzyme catalysts capable of catalyzing the con 
version of a reaction substrate to a product. The inventors 
have discovered that a number of ?uorescent substrates for 
enzymatic reactions can permeate into the periplasmic space 
of E. coli. Cells that express an enzyme capable of reacting 
with such a substrates produce ?uorescent products in direct 
proportion to the catalytic activity of the protein. The inven 
tors have further found that the ?uorescent product of the 
enzymatic reaction is retained within the cell. As a result, cells 
become ?uorescently stained in proportion to the catalytic 
activity of the expressed enzyme and can be sorted from a 
population of mutant proteins by FACS. 

Flow cytometry is well suited for the analysis of enzyme 
activity and kinetics at the single cell level. The inventors 
have discovered that many ?uorescent substrates that nor 
mally cannot permeate into the cytoplasm can nonetheless 
















































